The retinoblastoma protein Rb has antiproliferative and antiapoptotic functions. Our previous studies have shown that certain apoptotic signals can inactivate Rb via the p38 pathway. Here we show that Rb associates with the apoptosis signal-regulating kinase ASK1 in response to specific apoptotic signals. An LXCXE motif on ASK1 was required for Rb binding; this correlated with increased E2F1 transcriptional activity and up-regulation of the proapoptotic protein p73. Overexpression of Rb inhibited ASK1-induced apoptosis; in addition, an ASK1 mutant incapable of binding Rb could not induce apoptosis, indicating that ASK1 has to overcome the antiapoptotic properties of Rb to kill cells. Chromatin immunoprecipitation assays show that in asynchronous cells the p73P1 promoter is occupied predominantly by E2F3; upon tumor necrosis factor (TNF)-␣ stimulation, E2F3 is dissociated from the promoter and replaced by E2F1. At the same time, TNF-␣ stimulation causes Rb to dissociate from the p73P1 promoter. These are promoter-specific events because Rb binds to the mitogenic cdc25A promoter upon TNF-␣ stimulation. These studies suggest that Rb acts as a link between apoptotic and proliferative pathways by interacting with distinct kinases and occupying different promoters.
The retinoblastoma (Rb) 1 tumor suppressor protein plays a vital role in regulating the G 1 /S transition in mammalian cells (1) . Rb exerts its growth-suppressive function mainly by inhibiting the activity of the E2F family of transcription factors; inactivation of Rb disrupts its interaction with E2F, enhancing E2F-mediated transcription (2, 3) . E2F1 is able to induce S phase entry or cellular apoptosis depending on the stimulus (3, 4) . Although Rb inactivation during normal cell cycle progression leads to E2F activation and S phase entry, in certain cases this process triggers apoptosis by the p53 or p73 pathway (5) (6) (7) . Rb has antiapoptotic properties and can abrogate apoptosis induced by overexpression of E2F1, transforming growth factor-␤, interferon-␥, for example (8) . Rb-null mouse embryos exhibit increased apoptosis in the liver, central and peripheral nervous system, lens, and skeletal muscle, mainly because of increased E2F1 activity (9) .
Apoptosis signal-regulating kinase 1 (ASK1) is a MAP kinase kinase kinase that mediates signaling initiated by death stimuli such as TNF-␣, Fas activation, oxidative stress, and DNA damage (10, 11) . Consistent with its role in apoptotic signaling, dominant negative mutants of ASK1 are resistant to TNF-␣ and oxidative stress-induced apoptosis (12) . ASK1 function is modulated by a host of protein-protein interactions and is crucial to both survival and apoptotic processes. ASK1 binds many proapoptotic proteins such as TRAF-2, DAXX, and ALG-2, to facilitate TNF-␣-and Fas-mediated cell death (13) . Conversely, proteins such as Hsp72, thioredoxin, and 14-3-3 are negative regulators of ASK1 which promote cell survival (11, 14, 15) . Recently, Chen et al. (16) reported an interaction between ASK1 and the kinase Raf-1; this inhibited the apoptotic activity of ASK1, independent of the MEK-ERK pathway.
Although Rb protein is a negative regulator of both cell proliferation and apoptosis, the mechanisms of Rb inactivation upon apoptosis are not yet fully elucidated. Studies in our laboratory suggest that apoptotic signals such as TNF-␣ and Fas induce Rb inactivation through the p38 kinase pathway (17, 18) , independent of cyclins and cdks, whereas a direct interaction of Rb with Raf-1 occurred upon mitogenic signaling (19) . Here we describe a physical and functional interaction between ASK1 and the Rb protein in response to apoptotic stimuli. It appears that ASK1 has to overcome Rb function to induce apoptosis; further, ASK1-mediated inactivation of Rb correlates with increased levels of the proapoptotic protein p73. TNF-␣ stimulation leads to increased binding of ASK1 to Rb and elevates E2F1 binding to the p73P1 promoter. At the same time, Rb protein dissociates from the p73P1 promoter and associates with mitogenic promoters such as cdc25A. Our data suggest that Rb acts as a common link between apoptotic and proliferative pathways, and differential association of Rb and E2Fs with specific promoters facilitates proliferation and apoptosis.
MATERIALS AND METHODS
Cell Culture and Transfection-Ramos and Jurkat cells were cultured in RPMI (Mediatech Cellgro) containing 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Mediatech Cellgro). NIH 3T3 and Saos-2 were cultured in Dulbecco's modified Eagle's medium (Mediatech Cellgro) containing 10% fetal bovine serum. Human aortic endothelial cells were obtained from Clonetics and cultured in endothelial growth medium, supplemented with 5% fetal bovine serum. Transient transfections were performed with LipofectAMINE 2000 (Invitrogen) using 2 g of each plasmid according to the manufacturer's instructions.
Plasmids-The pcDNA3HA-ASK1WT and the dominant negative mutant ASK1 were kind gifts of Dr. H. Ichijo, Tokyo Medical and Dental University, Tokyo, Japan. Expression vectors for Rb, E2F, Raf-1, and E1A have been described previously (19) . The LXCXE mutant of ASK1 was subcloned into pCDNA3 after overlapping extension PCR using the ASK1 construct above as template and the following primers: primer 1, 5Ј-GTGGTGTTCTCAAGATCTCTGAC-3Ј; primer 2, 5Ј-GCTCTAGATC-AAGTGTGTTTGTTTCG-3Ј; primer 3, 5Ј-TCTGGGTCAAAACATCGTA-CGATGAAT-3Ј; and primer 4, 5Ј-ATTCATCGTACGATGTT-TTGACCCAGA-3Ј.
The construct pGEX-2TK-ASK1NT contains the N-terminal region of ASK1 (amino acids 1-297). Briefly, wild type ASK1 was digested with BspMI, and the N-terminal region corresponding to amino acids 1-297 was PCR amplified and cloned into pGEX-2TK vector (Amersham Biosciences) between the BamHI and EcoRI sites, using the following primers: primer 1, 5Ј-GGATCCATCAGCACGGAGGC-3Ј and primer 2, 5Ј-GGATCCTCAACCTGCGTAGACTAT-3Ј.
GST-ASK1NT beads used in GST pull-down experiments were prepared as described in Ref. 19 .
In Vitro Binding Assays-Glutathione S-transferase (GST) fusion of Rb has been described previously (19) . 35 S-labeled proteins to GST-Rb was performed at 4°C, as described previously (19) . The protein amounts in the input lanes were approximately one-fourth of that used in the binding assay.
Lysate Preparation, Immunoprecipitation (IP), and Western Blotting-Asynchronous cells were treated with 100 ng/ml TNF-␣ (Promega) or 50 ng/ml Fas antibody (clone CH-11, MBL, Japan) or 5 mM Lysates from cells treated with different agents were prepared by Nonidet P-40 lysis as described earlier (19) . Physical interaction between proteins in vivo was analyzed by IP-Western blotting using 200 g of lysate with 1 g of the appropriate antibody as described previously (19) . The amount of protein in the lysate lane was half the amount used for the IP.
In Vitro Kinase Assay-Ramos cells were transfected with ASK1WT or ASK1 LXCXE mutant or ASK1DN. IPs were carried out using 100 g of transfected lysate and 0.5 g of ASK1 polyclonal antibody and c-Myc antibody as the control. The kinase reaction was carried out on the beads in a total volume of 10 l containing 1 g of Rb protein, 10 M ATP, and 10 Ci of [␥-32 P]ATP as described previously (28) . Kinase assays using 1 g of myelin basic protein as the substrate were done as detailed in Ref. 10 .
Double Immunofluorescence Assay-NIH-3T3 fibroblastic cells were plated on poly-D-lysine-treated chamber slides and treated with 100 ng/ml TNF-␣ for 1 h. Cells were fixed with 4% paraformaldehyde and permeabilized with phosphate-buffered saline containing 0.2% Triton X-100. Monoclonal anti-Rb antibody (1:50) and polyclonal ASK1 antibody (1:200) were added, and the cells were incubated overnight at 4°C. Secondary antibodies (Molecular Probes), goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 546 were added as described previously (29) . Nuclear staining was performed using Hoechst 33258. Immunostained Rb and ASK1 were visualized using a Zeiss LSM 510 confocal microscope (Zeiss, Thornwood, NY), and areas of colocalization were determined using LSM 510 software (Zeiss).
Apoptosis Assay-Eight-well chamber slides of NIH 3T3 cells were transfected with 2 g of empty vector, ASK1, Rb and their mutants as indicated, in the presence of ␤-galactosidase, using LipofectAMINE 2000, according to the manufacturer's instructions. After 48 h, the cells were treated with 25 ng/ml TNF-␣ for 18 h, fixed, and stained for 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside. Surviving cells were counted using a phase-contrast microscope in three different 20ϫ fields in a blind fashion (30) . The apoptosis assay was also performed in Ramos cells using 5 ϫ 10 5 cells/transfection. Each transfection was done in duplicate, and the whole experiment was repeated twice. In parallel experiments using 10-cm dishes of 3T3 cells or 1 ϫ 10 6 Ramos cells/transfection, apoptotic cell death was also assessed by Western blot analysis of PARP cleavage, using polyclonal antibody against PARP (Cell Signaling Technology).
Chromatin Immunoprecipitation (ChIP) Assays-Asynchronous Ramos cells were stimulated with 100 ng/ml TNF-␣ for 1, 2, and 4 h, respectively. 25 ϫ 10 6 cells were used for each IP reaction. Cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Subsequently the cells were harvested, and lysates were prepared. IPs were analyzed for the presence of Rb, E2F1, E2F2, and E2F3 by PCR as described previously (31) . Rabbit anti-mouse secondary antibody was used as the control for all reactions. The sequences of the PCR primers used in the PCRs were as follows: p73P1 promoter (forward primer), 5Ј-GCCGGGAGGAGACCTTGG-3Ј; p73P1 promoter (reverse primer), 5Ј-GTTTCGCTGCGTCCCCTTCG-3Ј.
The cdc25A and c-fos primers are detailed in Ref. 31 .
RESULTS

ASK1 Binds to Rb through an LXCXE
Motif-A preliminary examination of the ASK1 protein sequence showed that it contains an LXCXE motif spanning amino acids 916 -920 (LKCFE), which is present in many Rb-binding proteins. Fig.  1A shows that ASK1 can bind efficiently to GST-Rb as well as GST-Raf-1 (which was the positive control), but not to unprimed GST beads. ASK1 could also bind to p107 and p130 (Fig. 1B) . However, ASK1 could not bind to mutant GST-Rb in which exon 21 was deleted, producing mutations in the pocket domain, showing that the pocket domain of Rb was necessary for the binding. The role of the LXCXE motif of ASK1 in binding to Rb was next examined. A mutant of ASK1 in which the LXCXE site was altered by conservative amino acid changes could not bind to GST-Rb, whereas wild type ASK1 could (Fig. 1C ). This result was verified by a transient transfection experiment. The Rb-deficient cell line Saos-2 was transfected with HA-tagged wild type or LXCXE mutant ASK1 along with Rb. IP-Western blot analysis shows a robust association of Rb with wild type ASK1 (Fig. 1D) ; in contrast, no Rb was bound to the LXCXE mutant. This result confirms that the LXCXE domain of ASK1 is necessary for binding to Rb.
E1A and Raf-1 Inhibit the Binding of ASK1 to Rb-Because ASK1 was found to bind to Rb through its LXCXE motif, we examined whether adenovirus E1A, which has an LXCXE motif, could affect this interaction. A GST pull-down assay was done in which the binding of GST-Rb to 35 S-ASK1 was competed with 5, 10, or 20 l of 35 S-E1A. It was found that 10 l of E1A lysate could reduce the binding of ASK1 to Rb, and 20 l could totally abolish the binding (Fig. 1E) ; this result further demonstrates the role of the LXCXE motif of ASK1 in Rb binding. The in vitro competition experiment was confirmed by a transient transfection experiment. Saos-2 cells were transfected with ASK1 and Rb in the presence or absence of E1A; IP-Western blot experiments showed that E1A could compete the binding of ASK1 to Rb in vivo as well (Fig. 1F ).
Our earlier studies had shown that Raf-1 binds to Rb upon mitogenic signaling (19); hence we examined whether Raf-1 affects the binding of ASK1 to Rb. The binding of 35 S-ASK1 to GST-Rb was competed with 10 l of 35 S-Raf-1 synthesized in vitro. As shown in Fig. 1G , Raf-1 could compete the binding of ASK1 to Rb. Further, a Raf-1 mutant that could not bind to Rb (Raf-1⌬28) could also compete the binding of ASK-1 to Rb. To examine whether this was because of the ability of Raf-1⌬28 to bind GST-ASK1, a GST pull-down experiment was conducted.
Studies by Chen et al. (16) have shown that the N-terminal region of ASK1 mediates ASK1-Raf-1 interaction. A GST-ASK1NT construct that had the N-terminal 297 amino acids of ASK-1 fused to GST was generated. GST-pull down experiments showed that both Raf-1 and Raf-1⌬28 could bind efficiently to GST-ASK1NT (Fig. 1H) , whereas only ASK1WT could bind Rb. The ability of Raf-1 to compete the binding of ASK1 to Rb was confirmed by IP-Western blots on transiently transfected Saos-2 cells (Fig. 1I) ; these results suggest that E1A and Raf-1 could compete with ASK1 for Rb in vitro and in vivo.
ASK1 Associates with Rb during Specific Apoptotic StimuliWe next examined whether ASK1 associates with Rb in vivo and whether such interaction is induced by apoptotic stimuli. Previous studies have shown that apoptotic stress signals such as TNF-␣ cause activation of ASK1. Ramos B cells were stimulated with TNF-␣ for different periods and the ASK1-Rb interaction was examined by IP-Western blot analysis. Fig. 2A shows that asynchronous Ramos cells contained very little ASK1⅐Rb complexes. The onset of TNF-␣ stimulation causes the association of ASK-1 and Rb within 30 min and lasts until about 1 h after stimulation. The levels of ASK1 and Rb in the cell lysates remained unchanged.
We next ascertained whether the ASK1-Rb interaction was a conserved signaling phenomenon induced by other apoptotic stimuli as well. To examine this, Ramos B cells, Jurkat T cells, human aortic endothelial cells, or murine 3T3 fibroblasts were stimulated with TNF-␣ or Fas antibody or subjected to oxidative stress using H 2 O 2 , and the ASK1-Rb interaction was assessed by IP-Western blot experiments. As shown in Fig. 2B , three human cell lines treated with TNF-␣ or H 2 O 2 induced an association between ASK1 and Rb. The ASK1-Rb interaction was also observed in mouse 3T3 cells stimulated with TNF-␣. In most cases the association was transient, whereas its kinetics varied in a cell line-specific manner.
ASK1 is normally maintained in an inactive form by its association with thioredoxin (13, 20) . Oxidative stress causes activation of ASK1. Because the ASK1-Rb interaction was absent in asynchronous cells but induced by apoptotic stimuli, we next examined whether ASK1 has to be activated for binding to Rb. Human aortic endothelial cells were stimulated with TNF-␣ or H 2 O 2 in the presence or absence of the antioxidant NAC (21) (Fig. 2C) . IP-Western blot analysis of the extracts showed that although ASK1 associates with Rb upon TNF-␣ and H 2 O 2 stimulation, NAC could effectively inhibit this association, suggesting that activation of ASK1 is essential for its binding to Rb.
Next we examined whether proapoptotic anticancer drugs could induce ASK1-Rb interaction (22) . Toward this purpose, Ramos cells were treated with camptothecin, 5-fluorouracil, tamoxifen, and paclitaxel at concentrations known to kill cells. IP-Western blot analysis showed that ASK1 did not bind to Rb under these circumstances (Fig. 2D) . These results suggest that the ASK1-Rb interaction is induced only by specific apoptotic stimuli.
ASK1 and Raf-1 Bind to Rb in Response to Different Signals-We had found earlier that Raf-1 could bind and inactivate Rb in response to mitogenic signals (19); we now find that ASK1 binds to Rb in response to apoptotic signals. Because both are MAP kinase kinase kinases we examined whether apoptotic and proliferative signals cause a differential binding of the two kinases to Rb. Lysates were prepared from serumstimulated or TNF-␣ treated Ramos cells, and the association of ASK1 or Raf-1 with Rb was examined by IP-Western blot analysis. Serum-stimulated Ramos cells showed a robust association of Raf-1 with Rb (Fig. 2E, top panel) , but there was only a little Raf-1 associated with Rb when the cells were stimulated with TNF-␣. In contrast, no ASK1 was detected in the Rb immunoprecipitates of serum-stimulated cells. Conversely, when Ramos cells were stimulated by TNF-␣ for 1 h, a strong ASK1-Rb association was observed (Fig. 2E, second panel from  top) . This experiment shows a distinct dichotomy in the MAP kinase kinase kinases associating with Rb in response to apoptotic and mitogenic signaling; ASK1 in the case of apoptosis and Raf-1 during proliferation.
ASK1 Colocalizes with Rb in the Nucleus upon Apoptotic Stimulation-
The subcellular localization of the ASK1-Rb interaction was examined next because ASK1 is predominantly cytoplasmic, whereas Rb is nuclear. A double immunofluorescence experiment on asynchronous 3T3 cells showed that ASK1 was present predominantly in the cytoplasm, whereas Rb was nuclear (Fig. 3A) . TNF-␣ stimulation for 1 h resulted in the translocation of a subset of ASK1 molecules to the nucleus. ASK1 was found to colocalize with Rb in the nucleus in discrete foci. A nuclear function has been proposed for ASK1 previously, where it interacts with proteins such as ALG-2 (23) .
ASK1 Can Reverse Rb-mediated Repression of E2F1 Transcriptional Activity-We had found that Raf-1 could reverse Rb-mediated repression of E2F1 activity (19) . Given this background, it seemed probable that ASK1 affects Rb-mediated transcriptional repression of E2F1 as well. Transient transfection of E2CAT reporter and E2F1 into Saos-2 cells showed robust transcriptional activity, which was repressed by Rb (Fig.  3B) . Cotransfection of ASK1 could reverse Rb-mediated repression, suggesting that ASK1 is capable of functionally inactivating Rb, similar to the reversal brought about by Raf-1. On the other hand, a dominant negative ASK1 construct could not affect Rbmediated repression of E2F1 activity. ASK1 by itself had no direct effect on E2F1-mediated transcription (data not shown).
We next assessed whether the binding of ASK1 to Rb released E2F1. GST pull-down assays were performed to examine whether ASK1 could directly compete the binding of E2F1 to Rb. The presence of excess 35 S-labeled ASK1 did not disrupt the binding of E2F1 to GST-Rb, as shown in Fig. 3C . These data suggest that ASK1 does not displace E2F1 from Rb directly, unlike viral oncoproteins such as E1A. The effect of ASK1 on the E2F1-Rb interaction in vivo was examined by transient transfection experiments. The Rb-negative cell line Saos-2 was transfected with Rb in the presence of ASK1, E2F1, or both, and the association of E2F1 with Rb was assessed by IPWestern blot analysis 72 h after transfection. As can be seen in Fig. 3D , the presence of ASK1 reduced the amount of E2F1 bound to Rb. This suggests that ASK1 binds to Rb, probably leading to its functional inactivation, resulting in the eventual release of E2F1.
ASK1 Can Phosphorylate Rb in
Vitro-Attempts were made to assess how ASK1 affects Rb function. Because Rb function is regulated by phosphorylation, we examined whether ASK1 could phosphorylate Rb. To determine this, Ramos cells were transiently transfected with ASK1WT, ASK1DN, or ASK1 LX-CXE mutant constructs. The lysates were immunoprecipitated with an ASK1 antibody and tested for their ability to phosphorylate GST-Rb in vitro. The immunoprecipitated ASK1WT could phosphorylate GST-Rb quite efficiently, whereas the dominant negative mutant and the LXCXE mutant of ASK1 could not (Fig. 3E) . However, both ASK1WT and ASK1 LXCXE mutant could efficiently phosphorylate myelin basic protein (Fig. 3D) , another substrate for ASK1 (10) . It thus appears that ASK1 is capable of phosphorylating Rb in vitro, and this requires a physical interaction between the two proteins.
Rb Can Abrogate ASK1-induced Apoptotic Activity-Because ASK1 bound to Rb only upon apoptotic stimulation, we examined whether Rb had any effect on the apoptotic functions of ASK1. To determine this, Ramos and 3T3 cells were transiently transfected with ASK1WT, DN, and LXCXE mutant constructs with or without Rb; a ␤-galactosidase expression vector was used as a marker. The transfected cells were stimulated with a low dose of TNF-␣ (25 ng/ml) for 18 h, and apoptotic cell death was monitored by morphological analysis. As seen in Fig. 4A , Ramos as well as 3T3 cells transfected with wild type ASK1 both. An IP-Western blot analysis shows that ASK1 reduces the amount of E2F1 associated with Rb. E, ASK1 can phosphorylate Rb in vitro. Wild type, dominant negative (K709M) or LXCXE mutant ASK1 was immunoprecipitated from transiently transfected Ramos cell lysates, and an in vitro kinase assay was performed using GST-Rb or myelin basic protein as the substrate. The gel was rehydrated and stained to demonstrate equal amounts of substrates in the assay.
showed a significant amount of apoptosis. However, cotransfection of Rb drastically reduced the number of apoptotic cells. Furthermore, a pocket domain mutant of Rb that could not bind to ASK1 was unable to inhibit ASK1-induced apoptosis. ASK1DN mutant did not exhibit any apoptotic activity, as expected. Interestingly, the ASK1 LXCXE mutant that is incapable of binding to Rb did not exhibit any apoptotic activity. The magnitude of cell death in the above experiment was also assessed by PARP cleavage (Fig. 4B and 4C , top lane) in transfected Ramos and 3T3 lysates. As seen in Fig. 4 , B and C, there is a significant amount of PARP cleavage in cells transfected with ASK1WT but not the LXCXE mutant. Cotransfection of Rb decreased PARP cleavage in both cases. Taken together, these results suggest that the antiapoptotic activity of Rb has to be overcome by ASK1 to induce apoptosis, and this inactivation may be crucial for TNF-␣-induced apoptosis.
ASK1 Enhances p73 Levels in Cells-To understand how ASK1 binding to Rb facilitates cell death, attempts were made to see whether any proapoptotic genes regulated by E2F1 are induced by ASK1. It has been shown that the p53-related p73 is a transcriptional target of E2F1, hence we examined p73 levels in the lysates from transiently transfected cells used in Fig. 4A . As shown in Fig. 4B , p73 levels are elevated only in Ramos cells transfected with wild type ASK1, correlating with apoptosis; cotransfection of Rb repressed this induction. Further, ASK1 LXCXE mutant and ASK1-DN did not induce p73. Thus, induction of apoptosis by ASK1 seemed to utilize p73. In transfected 3T3 lysates similar results were obtained (Fig. 4C) . The transfection of wild type ASK1 into 3T3 cells led to a robust elevation of p73 levels, which coincided with the induction of apoptosis in these cells. Cotransfection of Rb with ASK1 did not induce p73 levels. As seen in Ramos cells, 3T3 cells transfected with ASK1 LXCXE mutant or ASK1DN did cause up-regulation of p73 levels. From these results, it appears that activation of ASK1 or elevating its levels inactivates Rb, allowing the expression of the E2F1-regulated p73 gene. 
TNF-␣ Regulates the Binding of E2F1 to the p73P1 Promoter-
To examine whether p73 is induced upon TNF-␣ treatment in human cells, we examined p73 levels in Ramos cells stimulated with 100 ng/ml TNF-␣ or 50 ng/ml Fas antibody. A Western blot analysis showed that levels of p73 are enhanced in cells stimulated with TNF-␣ and Fas (Fig. 5A) , suggesting that p73 might contribute to the apoptotic process.
Because E2F1 can induce the transcriptional activity of p73P1 promoter (6, 7), ChIP assays were done to assess whether different E2F family members bind differentially to the p73P1 promoter in asynchronous Ramos cells. After isolation of DNA, PCR was performed to amplify 230 bp of the p73P1 promoter. As shown in Fig. 5B , E2F3 was found to be associated with the p73P1 promoter, but not E2F1 nor E2F2. A PCR for a control c-fos promoter did not amplify any DNA, showing the specificity of the IP as well as the PCR (Fig. 5B,  lower panel) . The PCR conditions that were used amplified the DNA in a linear, dose-dependent manner (Fig. 5C) .
The differential binding of E2F family members to the p73P1 promoter upon TNF-␣ treatment was examined next. TNF-␣-treated Ramos lysates were immunoprecipitated with antibodies for E2F1, E2F3, Rb, or an irrelevant antibody as the negative control. As shown in Fig. 5D (top panel) , asynchronous cells contained predominantly E2F3 bound to the p73P1 promoter. A substantial amount of Rb was also bound to the p73P1 promoter in asynchronous cells. This correlates with the biochemical data (Fig. 3A) showing that asynchronous cells have little ASK1-Rb interaction, when the p73P1 promoter is transcriptionally inactive. In addition, although no E2F1 was bound to the p73P1 promoter in asynchronous Ramos cells, TNF-␣ stimulation induced a marked increase in E2F1 binding to the p73P1 promoter. This was accompanied by a concomitant decrease in the levels of Rb and E2F3 bound to the p73P1 promoter (Fig. 5D, top panel) . This correlates with the binding of ASK1 to Rb in the cells; it is likely that the ASK1-mediated inactivation of Rb leads to its dissociation from E2F1 and the p73P1 promoter. The activation of the proapoptotic p73P1 promoter in response to TNF-␣ stimulation thus correlates with the association of ASK1 to Rb and derepression of E2F1.
We examined whether the changes in binding of E2F family members to p73P1 promoter was specific or occurred on all E2F-responsive promoters. Toward this purpose, occupancy of the mitogenic cdc25A promoter by E2Fs 1 and 3 was examined (Fig. 5D, middle panel) . It was found that E2F1, E2F3, and Rb were bound to cdc25A promoter in asynchronous cells, but the levels of E2F1 decreased upon TNF-␣ stimulation. At the same time, the binding of Rb to this promoter was increased. It is likely that Rb is suppressing this promoter because the cell is receiving an apoptotic, but not mitotic stimulus. E2F3 binding did not change considerably during this time. No binding was observed in the non-E2F-regulated c-fos promoter, which was used as a control for the ChIP assays (Fig. 5D, bottom panel) . These results suggest that different E2F family members are recruited preferentially to specific promoters depending on whether the cells encounter an apoptotic or mitogenic stimulus.
DISCUSSION
Apoptotic cell death is a default program of metazoan cells in times of stress which must be constantly suppressed by prosurvival mechanisms (13) . Several lines of evidence show that the inhibition of ASK1 activity by antiapoptotic proteins such as Raf-1 may provide a general mechanism of cell survival (11) . It has been proposed that suppression of apoptosis may be the primary function of Rb, independent of its antiproliferative activity (9) . The present study shows that Rb can physically interact with ASK1, and overexpression of Rb inhibits its apoptotic activity. Further, ASK1 has to overcome the antiapoptotic functions of Rb to induce apoptosis.
The overexpression of ASK1 can been shown to cause apoptosis in certain cell lines such as 293 and HeLa, which contain viral oncoproteins, capable of inactivating Rb. It is tempting to speculate that probably the inactivation of Rb facilitates the apoptotic process. However, no direct experimental data have been reported correlating the presence of these viral proteins in cells with ASK1-induced apoptosis. Data from Cook et al. (30) show that the Rb binding region of the viral oncoprotein E1A is essential for its ability to sensitize mammalian cells to TNF-␣ induced apoptosis via the p38 pathway (25) . E1A mutants lacking the Rb binding domain were unable to sensitize cells to apoptosis. It is probable that the binding of E1A inactivates Rb, an end point achieved by ASK1 and p38 kinases. It remains to be seen whether an ASK1 LXCXE mutant has any apoptotic effects on Rb-null cell lines. Data from our laboratory have shown that p38 kinase can phosphorylate and inactivate Rb in response to TNF-␣ and Fas stimulation. However, unlike ASK1, p38 kinase does not bind directly to Rb. Because p38 kinase is one of the downstream targets of ASK1 (13) (26), it may be possible that p38 might contribute to ASK1-mediated inactivation of Rb in vivo (22) . Although caspases inactivate Rb at later points of TNF-␣-mediated apoptosis (27) , we believe that the inactivation of Rb by ASK1 precedes that event.
Several convergent lines of evidence show that the Rb protein can regulate both proliferative and apoptotic pathways in cells, depending on the extracellular stimuli. However, the cellular mechanisms underlying this dual role of Rb are yet to be fully understood. Experimental evidence seems to suggest that the Rb function in cells is regulated by a host of proteinprotein interactions (24) . It is probable that during mitogenic scenarios, Rb binds to prosurvival kinases such as Raf-1 and cyclins/cdks to promote proliferation, whereas apoptotic stimuli cause Rb to bind to apoptotic kinases such as ASK1. Although both of the interactions inactivate Rb and enhance E2F1 transcriptional activity, they induce different promoters: proapoptotic promoters such as p73P1 or mitogenic promoters such as cdc25A. We find that the p73P1 promoter is occupied by E2F3 and Rb in asynchronous cells, when p73P1 levels are low; but apoptotic signaling dissociates Rb, replaces E2F3 with E2F1, and results in the expression of this gene. At the same time, Rb associates with mitogenic promoters like cdc25A, leading to its suppression. Although further studies are needed to understand how Rb and E2F1 associate with different promoters upon apoptotic or mitogenic signaling, it appears possible that the differential binding of signaling kinases such as ASK-1 or Raf-1 to Rb contributes to this process.
Rb appears to be uniquely poised to regulate both mitogenic and apoptotic phenomena for two reasons: its ability to interact with both apoptotic and mitogenic signaling kinases, and the fact that it can regulate the expression of prosurvival and proapoptotic genes via E2F family members. Differential regulation of Rb by two kinases of the MAP kinase kinase kinase family, ASK1 and Raf-1, might contribute to the appropriate cellular response to various physiological conditions. Further studies into Rb-mediated regulation of cell proliferation and apoptosis will help us understand how cells respond differentially to apoptotic and proliferative signals.
